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Microstructural Features of Rolled Mg-3Al-1Zn
M.R. BARNETT, Z. KESHAVARZ, and M.D. NAVE
The microstructures of hot- and cold-rolled Mg-3Al-1Zn (AZ31) are examined using scanning elec-
tron and optical microscopy. It is shown that the microstructures following multipass hot rolling and
annealing are more uniform than those formed by heavy single pass rolling and annealing. The import-
ance of twins in producing intragranular recrystallization is evident, although the most dominant nucle-
ation site is grain boundaries. The cold-rolled structure after a rolling reduction of 15 pct is dominated
by the presence of deformation twins. Twin trace analysis suggests that approximately two thirds of
the twins are a form of “c-axis compression” twin. A number of “c-axis tension” twins were also
observed and additional in-situ scanning electron microscopy experiments were performed to confirm
earlier observations that suggest these twins can form after deformation, during unloading.
I. INTRODUCTION
THE microstructure of rolled magnesium alloys, as in
many other metals, exerts a significant influence over
mechanical behavior both during processing and in service.
As early as 1939, Menzen[1] interpreted the favorable
mechanical properties seen in certain wrought alloys to be
a consequence of microstructure (grain size) rather than a
direct effect of alloy composition. In that work, the improved
rolling performance of extruded slab over cast slab was also
ascribed to microstructural changes. Couling et al.,[2] along
with Reed-Hill (in a comment attached to Couling et al.’s
work) have rationalized the superior cold rollability of Mg-
0.5Th and Mg-0.4Zr-0.2 (Misch metal) alloys in terms of
the appearance of banded microstructural features (“com-
pression bands” in Roberts’ terminology[3]). Deformation
twinning also plays a significant role in the development of
rolled structures,[4,5,6] and a double-twinning mechanism in
which twinning occurs within the interior of 
twins has been observed in pure Mg.[2,3] The present work
examines the microstructural phenomena evident in hot- and
cold-rolled commercial quality Mg-3Al-1Zn (AZ31), the
most common wrought magnesium alloy.
After hot rolling, the grain size of AZ31 is generally of
the order of 10 to 40 m,[7,8,9] with sizes closer to 5 m
reported in some instances.[10,11] If the grain size of the AZ31
billet received for use in the present work (380 m) is
typical (and our experience suggests that it is), grain refine-
ment by a factor of 10 to 80 times commonly occurs dur-
ing hot rolling. The hot rolling process involves multiple
cycles of rolling followed by reheating, and in a number of
Mg alloys it has been reported that even finer structures can
be achieved if a small number of high strain rolling passes
are used.[12,13] This approach is obviously restricted by the
capacity of the rolling mill, but it is also limited by the homo-
{1011}{1012}
geneity of the structure.[13] With fewer rolling passes, there
are fewer cycles of annealing and this is expected to accen-
tuate the effect of the inhomogeneity of the deformed struc-
ture on the final recrystallized structure. Optimized hot rolling
microstructures can thus be considered to be a trade-off
between grain refinement and microstructure homogeneity.
Steps toward determining optimal hot rolling parameters are
taken in the present work.
Turning to cold rolling, early studies showed ubiquitous
diagonally inclined banded features containing basal planes
closely aligned with the band.[3] These basal planes are
aligned close to 45 deg to the normal (loading) direction and
are therefore favorably aligned for slip. Recently, two of the
present authors reported electron backscatter diffraction
(EBSD) measurements made on cold-rolled samples of pure
Mg[6] that were consistent with these observations. It has
been suggested that these bands are actually twins in which
slip has concentrated.[2] However, in our previous study,[6]
we saw no strong evidence for this and opted to refer to
the bands as shear bands, due to the similarity of their appear-
ance to shear bands seen in other systems. This is not to say,
however, that twinning is not involved in the early stages
of their formation, and in the present work, we show that
this may well be the case in cold-rolled AZ31.
The mechanism of double twinning, in which 
twins form in the interior of twins, has received con-
siderable attention in single-crystal and pure Mg literature,[14,15]
particularly in regard to the formation of compression
bands.[3] In our previous EBSD analyses, we observed bound-
aries with misorientation angles and axes consistent with the
operation of this mode in pure Mg.[16] However, in general,
identification of these twins by EBSD analysis was hampered
by the difficulty in obtaining diffraction patterns from the
interiors of twins suspected to be of this type. In the present
work, we obtain the likely identity of twins using trace analy-
sis based on the orientation of the neighboring matrix, which
is far more readily obtained using EBSD.
An additional issue that has arisen in the interpretation of
the twining modes active in rolled magnesium alloys is the
appearance of twins in grains oriented for c-axis
compression.[6] This twinning mode only permits extension
along the c-axis direction.[17] The phenomenon may well
arise from twinning during unloading, something that has
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Fig. 1—Inverse pole figures of the starting material measured using EBSD
showing (a) an arbitrarily chosen direction for one of the batches of cast
material (50 grains) and (b) the rolling normal direction for the as-received
plate sample (200 grains). Contour lines 1, 2, 3 . . . times random.
unloaded following compression in vice.[14] The possibility
that this occurs in AZ31 is examined here by combining
twin observations in rolled plate with in-situ tensile exper-
iments.
II. EXPERIMENTAL
Two samples of Mg-3Al-1Zn were received for use in
this work. One was in the form of rolled plate, 12 mm in
thickness, and the other was in the form of cast extrusion
billet. The grain sizes for the two samples were approxi-
mately 15 and 380 m, respectively. The rolled plate was
strongly textured with a typical sheet basal texture, whereas
the cast sample was randomly textured (Figure 1).
Two rolling experiments were conducted. In the first, four
different hot rolling schedules were employed to achieve a
total rolling strain of 0.7. This experiment was carried out
for both the cast material and the rolled plate. Schedule 1
involved rolling pass strains of 0.12; schedule 2, rolling pass
strains of 0.24; schedule 3, rolling pass strains of 0.35; and
schedule 4 involved a single pass. Prior to rolling, the sam-
ples were homogenized for 8 hours at 400 °C. Following
each pass, the samples were annealed for 15 minutes at
400 °C. Rolling was carried out at temperatures between
150 °C and 400 °C at an average strain rate of the order of
0.1 s1 (estimated using the equation given in Reference
18). Samples were cooled in air both following rolling and
following heat treatment. Prior to rolling, the samples were
held at the rolling temperature for 15 to 30 minutes. In the
second experiment, the as-received plate was cold rolled to
a thickness reduction of 15 pct in passes of 1 pct each
(roll diameter 400 mm).
Following the mechanical treatments, samples were pre-
pared for optical and electron microscopy. For the former,
samples were mechanically polished down to 1-m diamond
suspension chemical by polished in Nital and then etched. For
the latter, mechanical grinding was followed by diamond
and colloidal silica polishing. Samples were then etched
for 10 seconds in a solution of 5 pct (by volume) nitric
acid, 15 pct acetic acid, 20 pct water, and 60 pct ethanol.[19]
Lineal intercept grain sizes were measured and point counting
was employed to determine the fraction of recrystallization.
A flat tensile specimen was cut from the cast material for
in-situ observation of twinning. The sample had a cross sec-
tion of 10 mm2 and a gage length of 25 mm. The surface
was prepared for EBSD mapping, as described previously.
Tensile testing was carried out using an in-situ tensile stage
in a field emission gun scanning electron microscope. The
deformation was performed at 0.5 m/s.
III. RESULTS
A. Hot Rolling
The microstructures obtained using the cast starting mater-
ial varied in their degree of homogeneity far more than those
seen in the plate starting material. The inhomogeneity seen
after rolling the cast starting material can be ascribed to
incomplete recrystallization. This interpretation is based on
the identification of unrecrystallized regions characterized
by (1) a grain size similar to the starting grain size, (2) grains
elongated in the rolling direction, and (3) the presence, in
some cases, of an internal structure of large twins or banded
features decorated by recrystallized grains. Examples of unre-
crystallized structures are shown in Figure 2. For the cast
samples, the fraction recrystallized was estimated using a
point counting method and the results are shown in Figure 3.
Lower rolling temperatures and increased numbers of passes
lead to higher recrystallized fractions.
The microstructures of the plate samples appeared to be
completely recrystallized. Some examples are shown in
Figure 4 along with a completely recrystallized structure
obtained for the cast starting material. The average lineal
intercept in the rolled plate samples is plotted against rolling
temperature in Figure 5. Also shown in this plot are the aver-
age recrystallized grain sizes seen in the cast samples rolled
according to schedule 1. In general, decreasing the reduction
per pass served to increase the final grain size. This effect
is most noticeable for rolling at higher temperatures in the
plate samples. Interestingly, the final grain sizes in the cast
samples were finer than the plate specimens under condi-
tions of low pass strain, particularly at higher temperature.
B. Cold Rolling
The microstructure of the AZ31 plate after cold rolling
to 15 pct thickness reduction is shown in Figure 6. The struc-
ture is revealed by assigning a gray scale to the sharpness
of the Kikuchi bands obtained during electron backscatter
diffraction. (This parameter is commonly termed “band con-
trast” and is determined automatically by the commercial
EBSD software.[20]) The Kikuchi band contrast reflects the
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Fig. 2—Partially recrystallized structures of the cast starting material rolled
to a total strain of 0.7 in (a) two passes at 400 °C, (b) one pass at 350 °C,
and (c) one pass at 400 °C. Each pass was followed by annealing at 400 °C
for 15 min (RD-ND section, rolling direction parallel to scale marker).
Fig. 3—Influence of rolling temperature on the fraction recrystallized evi-
dent in the cast starting material following rolling and annealing. All sam-
ples were rolled to a total strain of 0.7.
degree of perfection of the lattice within the backscatter elec-
tron interaction volume. In Figure 6, the dark regions cor-
respond to areas of poor lattice perfection, and consequently,
grain boundaries and regions of high dislocation density
appear dark. This form of imaging is quite useful in the
examination of the structures of cold-deformed Mg alloys,
in which the indexing of the EBSD pattern is often quite
difficult. A Kikuchi band contrast image requires only that
EBSD patterns are produced; it does not depend upon the
indexing of the pattern.
One of the most obvious features of this micrograph is
the presence of twins. The heavy shear or compression bands
observed in other studies (e.g., References 2, 3, and 6) are
not present in large numbers. This is probably due to the
low level of rolling strain used here. A number of dark
regions are evident in Figure 6 (e.g., below “36” and above
and to the right of “11”), which are presumably regions of
high dislocation density and which may represent the early
stages of the formation of these bands. Very few of the twin
interiors were able to be indexed and we assume that the
dark linear features that bisect many of the grains are actu-
ally thin twins. The double twinning mechanism discussed
previously, in which twins form within a 
twin, is expected to give rise to boundaries characterized by
a 38 deg rotation around a direction (assuming the
plane of shear is shared). Of the twins that were able to be
indexed, a few were surrounded by boundaries within 5 deg
of this ideal rotation (Figure 7). In the cases shown in Fig-
ure 7, the twins are nearly parallel to a plane. These
twins are consistent with double twins.
To establish the degree to which the numerous unindexed
twins present in Figure 6 were of this type, trace analysis
was carried out. Identification of the double twinning mech-
anism mentioned previously is not as straightforward as it
might seem. The strain and accommodation kinks associ-
ated with the secondary “internal” twin change the
apparent habit of the initial twin.[14,15] It has been suggested
that these factors can cause the double twin to end up par-
allel to a plane,[15] which is inclined 7.3 deg to the
original plane. Twins parallel to these planes were
therefore considered in the present analysis. An example
(twin 17 in Figure 6) is shown in Figure 8. The traces of
the , and planes were calculated and
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Fig. 4—Fully recrystallized structures after rolling to a total strain of 0.7
for (a) cast starting material rolled in six passes at 400 °C, (b) plate starting
material rolled in six passes at 400 °C, and (c) plate starting material rolled
in one pass at 400 °C. Each pass was followed by annealing at 400 °C for
15 min (RD-ND section, rolling direction parallel to scale marker).
Fig. 5—Influence of rolling temperature on the grain size of the wrought
samples following rolling and annealing. A subset of the cast data, for
which near complete recrystallization occurred, is included for compari-
son. All samples were rolled to a total strain of 0.7.
Fig. 6—Kikuchi band contrast map of the structure of AZ31 plate cold
rolled to 15 pct reduction. The numbers are placed to the right of twins
that were subjected to trace analysis.
43 twins were examined (Figure 6). Of these, 7 fell within
1 deg of a trace of a plane, 17 fell within 3 deg of
a trace of a plane, and 16 fell within 3 deg of a trace
of a plane. The remaining three twins were within
5 deg of a plane trace. The twins identified
from the trace analysis formed in grains oriented such that
the rolling strain placed the c-axis in compression. An exam-




{1012} C. In-Situ Tensile Testing
One explanation for the unexpected formation of 
twins in grains oriented for c-axis compression is that these
twins form during unloading. To explore this possibility, a
series of in-situ EBSD observations of a sample of the cast
AZ31 material were carried out using a tensile stage mounted
{1012}
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Fig. 7—Fragments of boundaries consistent with double
twinning. The Kikuchi band contrast is shown and boundaries within 5
deg of a 38 deg rotation around a direction are marked in bold.
The trace of the nearest plane to the twin is also given (AZ31 plate




Fig. 8—A “close-up” of a dark linear feature assumed to be a twin (twin
17 from Fig. 6). The average habit of the feature is closer to a plane
than a plane.{1011}
{3034}
Fig. 9—Fragments of boundaries consistent with c-axis tension
twinning: (a) Kikuchi band contrast with boundaries within 5 deg of an
86 deg rotation around a direction marked in bold; and (b) pole
figure showing the matrix (1) and twin (2) orientations (both images in
RD-ND section, rolling direction horizontal).
1120
{1012}
within a scanning electron microscope. Images correspond-
ing to the starting structure, the structure in the loaded state
following a strain of 0.05, and the structure following
unloading are shown in Figure 10. A number of interesting
observations can be made.
(a) The application of strain to grain 3 resulted in the dis-
appearance (from the observation plane and within the
resolution of the EBSD measurement) of the 
twins present at the beginning of the test.
(b) The removal of the load resulted in the reappearance of
twins in grain 3 but not to a degree significantly
greater than originally present.
(c) The removal of the load resulted in a reduction in the
size and number of twins in grain 2.
(d) The removal of the load resulted in the appearance of
many twins in grain 6. No twins were apparent in the
observation plane of this grain initially or in the loaded
state.
Of main interest here is the last observation in that it indi-
cates that twins can indeed grow, or possibly form,
during unloading following deformation. The c-axis of the
grain in which this was observed was aligned nearly per-
pendicular to the tensile axis. The twins that formed in this
grain provide extension perpendicular to the tensile direc-
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Fig. 10—Microstructures obtained during in-situ observation of a tensile test. The images show Kikuchi band contrast, high-angle grain boundaries, and
tension twins (in bold). The tensile direction is marked by the arrows.{1012}
IV. DISCUSSION
A. Microstructures Following Hot Rolling
There are two main observations arising from the exam-
ination of the hot-rolled microstructures: (1) that incomplete
recrystallization occurred in most of the cast samples and
(2) that enhanced grain refinement was seen at lower tem-
peratures and higher pass strains in the fully recrystallized
samples. The former is probably just a reflection of the fact
that coarser grained materials recrystallize more slowly than
fine-grained materials, due to the large role played by grain-
boundary nucleation.[21] The present results suggest that this
is best alleviated by repeated low strain passes rather than
by an increase in the pass strain (at least for a total strain
of 0.7). This can also be attributed to the important role
played by grain boundaries in nucleating recrystallization.
That is, in the present cast samples, the grain-boundary area
available for nucleation can be considered to increase more
by repeated steps of low strain rolling and annealing than
by the application of high strain.
It is interesting to note that the boundaries of some of the
grains deemed here to be unrecrystallized appeared to show
signs of having “bulged” out into the neighboring fine-grained
regions (Figure 2(a)). This may have resulted, in some cases,
in an increase in the size of these grains. The elongated mor-
phology and internal structure of many of these grains suggest
that they are indeed retained deformed grains rather than
grains produced by abnormal grain growth. Future work is
required, however, to quantify the degree to which some form
of abnormal growth might be playing a role.
The greater refinement in final grain size seen with
decreasing rolling temperature is also a similar observation
to that made in other metals[21] and can be rationalized in
terms of an increased nucleation density caused by the finer
deformation structures produced in lower temperature defor-
mations.[21] Some grain refinement also occurred with
increasing pass strain. This is also a common observation
and can be ascribed to the increase in grain-boundary sur-
face area and the refinement of the deformation structure
that accompanies more severe deformations.
From a practical point of view, the effect of pass strain
on grain size within the present range is not great, and it
appears that as long as a pass strain of 0.12 was employed
(i.e., that the present rolling strain of 0.7 was achieved in
six passes), further increases in pass strain for the sake of
grain refinement would hardly be warranted. This seems to
conflict with findings for other alloys quoted previously,[12,13]
and the discrepancy may reside in the fact that the grains
observed in the previous studies may well have been dynam-
ically, rather than statically, recrystallized.
For rolling pass strains of 0.12 and rolling temperatures
250 °C, finer recrystallized grains were achieved in the
cast material than in the plate samples. This is difficult to
understand. The roles of grain growth and particle pinning
in the present work are unclear, and the interaction between
these phenomena may play a role in determining the grain
size. The faster recrystallization in the finer grain-sized plate
samples may have left more time for grain growth to occur
during annealing, but these are speculative ideas and more
work is required to understand the factors controlling grain
size.
Despite the apparent dominance of grain-boundary-nucle-
ated recrystallization, evidence for intragranular nucleation
was seen in the present work by way of recrystallized grains
forming at twins. This has been reported previously[22,23] and
is expected to arise, at least in part, from the provision of
extra high-angle boundaries from which recrystallization
nuclei can be formed. It is interesting to note, however, that
the present work provides some evidence that the rate of
migration of a recrystallizing front can be enhanced by twins,
due either to the internal deformed structure or the surface
energy of the boundaries. An example of apparently fast rates
of growth along a twin is provided in Figure 11. In this
figure, a recrystallized grain appears to have formed at the
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intersection of two twins. The elongation of its boundary along
the twins suggests a faster rate of growth in the twins.
B. Twinning
The trace analysis carried out here suggests that approx-
imately three quarters of the twins examined were consistent
with twins parallel to a or plane. However,
the single image plane approach employed suffers from lack
of knowledge of the inclination of the twins to the viewing
plane. To help test the idea that these twins are indicative
of the action of twinning or double
twinning, Schmid factors (SFs) were calculated for the rel-
evant twinning systems. In the case of the twins with
a habit, this was taken to be the nearest twin-
ning system. The SF was calculated by resolving an assumed
macroscopic stress state of 1  0 and 3  22 onto the
twin reference frame (which comprises the normal to the
twin shear plane, the twin shear direction, and the direction
orthogonal to these two directions). The SF values were then
calculated by taking the ratio of the resolved shear stress on
the twin plane and in the twin direction to the macroscopic
normal stress in the rolling normal direction, 3.
Despite the crude nature of the SF approach, which ignores
the local stress state, most of the SFs obtained in this analy-
sis exceeded a value of 0.35. If twins with an SF lower than
this value are excluded from the analysis, 63 pct of the twins
examined are consistent with a twinning system
(Table I). This twinning mode (and its secondary twins)
appears to be a significant deformation mechanism in the
cold rolling of AZ31.
It is interesting to note that the twins spanning from twin






sect the boundaries of their respective grains at points corres-
ponding to where the twin in the neighboring grain inter-
sects the same boundary. One interpretation of this is that
the twinning events are coordinated in neighboring grains,
something that may well be a precursor to the formation of
bands of local deformation seen at higher strains.[3,6]
The formation of twins in opposition to the im-
posed strain was observed here, as it was in previous studies
on pure Mg.[6,14] The SFs for the few twins included
within the twin trace analysis were all negative, in that they
formed in grains oriented for c-axis compression. In light
of the fact that twins were observed to form during
unloading in the present in-situ tensile tests, it is suggested
that a similar mechanism operates in rolled material as it
exits the roll bite. Reversal of twinning upon load reversal,
“detwinning,” has been discussed previously,[24] and the dis-
appearance of twins upon load removal has been
suggested by Gharghouri et al.[25] The appearance of new
twins upon load removal, however, does not seem
to have attracted much attention, although anecdotal reports
of the phenomenon have been published.[14,26] Nevertheless,
it can be speculated that they form during unloading in
response to the inhomogeneity of the internal stress distri-
bution. The role of these twins in subsequent mechanical
and physical behavior is yet to be determined. It is also pos-
sible that a similar phenomenon accounts for unexpected
twins seen in zirconium tested in compression.[27]
V. CONCLUSIONS
1. Multipass hot rolling appears to be more effective at gen-
erating completely recrystallized structures than heavy
pass rolling reductions. This is due to the dominance of
grain-boundary nucleation of recrystallization. Intragranular
nucleation of recrystallization at twins is nevertheless an
important mechanism that may be able to be exploited in
future wrought processing configurations.
2. Double twins in which twinning is followed by
twinning were observed in cold-rolled Mg-3Al-
1Zn, after 15 pct rolling reduction.
3. Approximately two thirds of the twins following 15 pct cold
rolling had a trace parallel to either a or a 
plane and a SF for twinning greater than 0.35.
4. In-situ EBSD analysis of room-temperature uniaxial tension
testing demonstrated, qualitatively, that “tension”
twins can indeed grow (or possibly form) during unload-
ing of AZ31. This phenomenon may explain the unex-












Fig. 11—Example of nucleation of recrystallization at twins in the cast
starting material after rolling to a total strain of 0.7 in six passes at 200 °C
with annealing at 400 °C for 15 min after each pass. The identification of
the microstructural components is based on an inspection of the same region
under lower magnifications.
Table I. Data Collected from Trace Analysis of the 43
Twins Identified in Figure 6
Average Deviation Average Fraction
Twin Type from Ideal SF of Twins
1.7 deg 0.43 37 pct
1.6 deg 0.43 26 pct
0.25 deg “ve” 16 pct
Excluded* — — 11 pct
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